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Tatile of Thesis: The iffect of Surfauvs Venperature on the 
btebility of the Soundary Layer. 
Keae of Authore: Joseph Db. Evwane, LEIG., U.&.Mavy. 
wilbur &, Morriaon, LIG,, U.t.Bavy. 
Cherles & Slomia, LIJG., U.i.tavy. 
Submitted te the Depertment of Navel Arehitecture and Merine 
@nyinsering on 16 May 1952 1m pertial fulfillment cf the 
requirements for the degree of Navel Angineer, 

Based on the resulta of experimentation with ges flow, 
@ theory nas beer proposed that for the case of water, in- 
oreasing the temperature of ® surfece moving relative to 
the water ehould tend to stabilize the lesinmer boundary 
layer of the flow pest the surface. 

Tae object of thia investigetion me to determine if 
the lauiner boundary layer ean be stabilised by heat ing 
the surfece of @ vessel in water, and to gain experimental 
evidence os to the preetioal spplionbility of such a method 
ef voundary layer control te reduce the fricticnsl1 resist- 
emee of esaell submerged vessels, 

The method employed to ebtein the necessery informa- 
tion consisted of uaing an electrically heated, copper 
m@2de01 hull which was tawed in the conventional menner in 
the H.I.T. towing tank. It was felt that s significant 
effect om the stebilizetion of the lnminer beundery leyer 
would be apparent in the delsey of the oacurence of tronsi-~ 


nt (dhe 


tien fros lemimur to turbulent flew. 

Diffieulties in providing eufficiently lerge quumtities 
of power to the sodel to give « relatively high aurfaece 
temperature, anc Giffileulties in determining the exact 
mature of the flew in the umheated condition were en- 
countered, 

it is felt that the results obtained from heating the 
surfece of the sodei can be aecounted for by & pure viseosity 
effect within the limite of preelsion ebtainable. He 
definite comclusions, therefore, sa to the effect of 
heating om the stability ef the leainer boundary layer 
eon be renched, It te recommended that investigetion 
of the effect be continued utilizing methods of experi- 
mentetion wherein the charsoteristios of the flow cen be 
determined and lergs quantities of power for heating ean 
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Sapervigarg: 


Cambridge, Massachusetts 
16 May 1952 


Professor Leicester F. Mantlton 
Assistant Secretary of the Faculty 
Masachusetts Inatitute of Technology 
Ceubridge, Aasaxuchusstts 
Dear Sir: 

in ecoordance with the requiremzents for 
the degree of Kavel Engineer, we eudmit herewith a 
thesis entitled, "Tne Effect of Surface Tenperature 
om the Jtebility of the Boundary Layer," 


Respectfully, 
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SYMBOLS: 
Cr 


Ge 


Frictional~ resistance coefficient 
Residusl-resistance coefficient 
Total~resistanee coefficient 
Reynolds number 

Total resistance 

Average surface temperature 

Water temperature 


Effeotive boundary-leyer temperature 
(see Appendix B) 


Waterline length 
Wetted surface area 
Mass density of water 


Kinematic viscosity 


Model Speed 


I. <ZHTRQDUCTIM 


The magnitude of the frictional resistance of @ 
vessel in water depends on whether the boundary layer 
is laminer er turbulent. The frictioml resistence is 
very much greater when the boundary layer is turbulent. 
Therefore a delay in the trensition from laminar to 
turbulent flow might resuit ina significrnt reduction 
in the resistance of veseele, perticulerly submerged 
vessels whose resistance 18 basiomlly frictional ree 
sistence. Boundary layer control may be most readily 
applied te smmli craft such as torpedoes, where exhaust 
gases my be so routed ag to heat the exterior surface 
of the vessel. 

Experimentation 2, 3, 5, 6, 7, 8| and theoretical 
calewletions [2, 4] have shown thet in the onge of gas 
flow, heating the surfece of a vessel edvances the point 
of transition end cooling deleye the point of transition. 
The viscosity ef sir increases with an inerease in 
temperature, while the viscosity of water increases 
with @ decrease in temperature. It is possible, therefore, 
thet the heating of a surface in water may deley the 
transition from laminer to turbulent flow, 

The object of this investigstion was to determine 
if transition can be deleyed by heating the surface of 
& vessel in water. Basically this was to be sesomplished 
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by observing the reduction of frictional resistance at 
elevated surface temperatures. An appraisal of the 
practicel utility of boundary layer control was the 
primary goal, For that reason a ship model towing tank 
procedure was employed. In selecting this method, it 
was anticipated that this thesis would be paralleled 

by an investigation of the effect in heated pipes, 
utilizing more easily controlled laboratory conditions, 
It was felt that the results of the towing tank experi- 
ment would serve to substantiate the results of the pipe 
experiments and to yield valuable information on the 
practical aspects of the theory since the towing tank 
eonditions would more closely approximete the conditions 


that are likely to be encountered in an actual application. 
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Ii. PROCEDURE 


MODEL DisilGh 

Since the investigation was concerned with frictional 
resistance, the most advantageous model to use in the ex- 
periment would have been a completely submerged body or a 
friction plane, The M.1.T. Ship Model Towing Tank, however, 
igs not at the present equipped with a towing carriage, 
which precluded the use of anything but a surface vessel 
wnich provided its own stability. Thus limited, a model 
was designed with the following aims and limitations: 

1. Minimum residuary resistance was desired, since 
@ large residuary resistance in comparison with the 
frictional resistance, would mask out the variations in 
the latter, Kesiduary resistance increases with increas— 
ing Froude number; hence the model should be run at as 
low a Froude number as possible, 

2. ‘In order to maximize the frictional resistance 
in comparison with the residuary resistance, a large 
wetted surface was desired, 

3. Reference (12) indicates that laminar flow 
becomes unstable at a HKeynolds number of approximetely 
45x 105, For the purpose of our experiment, it was 
deemed advisable to ensure that the model could be run 
in or beyond the transition region. It was imperative 


that the model could be rum at a Reynolds number to give 


some turbulent flow in the unheated condition. 

4, The beam had to be large enough to provide 
adequate stability and to allow enough space for the 
mounting of the towing bracket inside the model. 

5. The other limitations of the M.1I.T. Ship Model 
Towing Tank were that the maximum length could not exceed 
six feet end that, because of the inertia effect, the 
maximum displacement of the model could not exceed 
approximately sharty pounds, 

The requirements of being able to run the model at 
a high Keynolds number to ensure turbulent flow and a 
low Froude number meant that the model should be as long 
ag possible, or six feet in length. Further, the re- 
quirements of (1) also suggested that the bow and stern 
be adequately faired and that the beam be a minimun, 

The beam chosen, 5 inches, was the minimum whick would 
meet the requirements of (4%) above, The model would 

be run at the maximum displacement to give a lerge netted 
surface, 

The shape of the model hull as finally chosen is 
shown in the appendix (Fig. XII). Before proceeding 
with the fabrication of the metal model, a wooden model 
of the same shape was built and tested in the towing tank 
in order to see if the desired characteristics could be 
obtained, The curve of Cy versus Reynolds number obteined 
from the wooden model indicated that the turbulent region 
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could be reached,with a slight indication of the beginning 
of laminer flow at a Reynolds number of 7 x 10°, This 

was considered satisfactory and the fabricetion of the 
metal model was started at the Boston Naval Shipyard, 

The requirements of high thermal conductivity and 


corrosion resistance in water led to the selection of 


copper as the material used. 


The optimum method of heating the surface of the model 
would have been a method for which no external connections 
to the model were required, This is basically because the 
equipment of the M.I.T. Ship Model Towing Tank does not 
include a towing carriage and any external connections are 
likely to introduce varieble forces acting upon the model 
that would effect the reliability of the velocity meesure- 
nents, 

In an attempt to avoid external connections, the 
utilization of the heat of fusion of several available 
@alta was considered. The weights required of several of 
the investigated salts indicated that their employment was 
reasonable. Elementary experimentation with these salts, 
however, showed the besic difficulty with the heat of 
fusion method to be progressive solidificetion. This 
process set up varying heat transfer barriers. To eliminete 
these barriers constant mixing would have been required 


end this was considered impractical, 


Electrical heating was decided upon as the only 
practical alternative. This decision was made realizing 
that two important disadvantages of the method would have 
to be minimized. These disadvantages were the use of 
externai connections and possible temperature variation 
@long the hull, 

It was Gecided to base the heat transfer rate calcu- 
lations on the condition of laminar flow, The heating coil 
arrangement was, therefore, designed on the basis of the 
Pohlhaugen equation for flat plates and laminar flow]. 
Number twenty AWG Nichrome V¥V wire was selected because of 
its ability to withstand large currents and high tempera~- 
tures, The resistance wires were spaced in the model B60 
as to give constant surface temperatures, 

Electrical insulation between the copper model and 
the heating wires proved an extremely difficult problem 
because of the high operating temperature of the wire 
and the need for a large heat conductivity through the 
electrical insulation. Experimentation with such materials 
as glass cloth and mica showed that they provided a heat 
transfer barrier that was formidable enough to either melt 
the wire or ante restate the insulation, "Insa-Lute* 
(paste No, 1) was selected as the electrical insulation 
material because it showed itself to possess the required 
electrical end heat conduction properties, This materiel 


was employed by first coating the inner copper hull surface, 
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laying the wires, and then covering the wires with the same 
material, aA final lsyer of hest insuleting saterial wes to 
be caployed to reduce losses to the atmosphere. These 

loses were, however, deemed negligible in coaperison with 

the heat transfer to the water and the final leyer wes not en- 
ployed. 

Comecting the electrical hesting coils to the source 
of electrics] power without introducing error in the towing 
tank measurements demanded much considgeretion. A survey of 
literature end several interviewr provided no indicetion 
that electrical leads had ever been attached to & model in 
@ towing tank that was not equipped with a towing carriage. 
The basic Gifficulty wos, of course, thet the electrical 
leads would tend to introduce unmeasurable forces thus pre- 
venting accurete determination of the effects of heating. 
It was decided that the wires should enter the sodel 
vertically with a minimum weight of wire being supported 
by the model. It wes necessary to design a cert that could 
be moved along the side of the towing tank end perallel the 
motion of the model. In order to introduce the wires from 
above the model, & pole was attached to the cart and extended 
to a point directly above the model. The electrical leads 
were rigidly attached to the point on the pole above the 
model and slack in the leede was sdjusted by trial and 
error, The external electrical leadea were connected to the 
internal system at a three phase binding post that was 
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rigidly attached to the model in the bow section. 

Surface temperatures were obtained from thermocouples 
thet were soldered to the inner surface at three stations, 
These stations were placed respectively along the center- 
line of the bottom at 14.3 inches from the bow, 14.3 
inches from the stern, and amidships. The thermocouple 
leads paralleled the external power leads from the cart 
to the model. The thermocouples were made of constantan 
and copper, and melting ice in water was used for the 
reference temperature. 

The power supply available in the towing tank building 
dictated that three phase power be employed for heating 
the model, considering the estimated amounts of power re- 
quired, The nine heating coils in the model were first 
connected in delta in groups of three coils, It was later 
decided to employ "Y" connection of the coils in order 
to lower the amount of line current for a given power 
input to the model, Voltage regulation was accomplished 
by employing a three phase variable transformer, The 
trensformer, thermocouple potentiometer, and other 
electrical measuring equipment were located at the drive 
end of the towing tank, 

DESCRIPTION OWING TANK 

The Ship Model Towing Tank at M.f.T. is described 
by M. A. Abkowitz [17] . Briefly, the tank is 106 feet 
long, 8 feet 7 inches wide, and 4 feet deep. The models 


ett ae ww ey of deen a 01 burtmaeee sinsah 
O71) PemiaNaC ere HRI SoTENtA? PaHTIA8 


' a 
_ . ata . ing 
- = ~~ ."] so a 
- . _s ~,* 


oP a = eg. - 57> 


are eocelerated by falling weights until the model ree 
sistance is equal to the towing force and trevels 
thereefter at constant speed, The speed of the model 

1s measured by means of electronic instrumentation at 

6m idler pulley mounted at the far end of the tank. A 
bleck anodized sheet-aluminum disk mounted on the 
periphery of the idler pulley has 2,000 uniformly spaced 
radial slits. A light source and a phototube ere mounted 
with the slotted dink between them, so that the phototube 
receives a light impulse every time a slit passes the 
center of the optical system. The output of the phototube 
is amplified and transmitted to an elsotronic counter 


located at the drive end of the tank,  “"© Precision 
of the instrumentation provides measurement of the towing 


force to within 0.0001 pounds, and meesuremsent of the 
speed to 0.001 knots, 

PROCK] 

The copper model was ballastedé to a displacement of 
31.27 pounds which gave a wetted surface of 4.81 square 
feet. A series of runs were then made with the power 
and thermocouple leads not connected to obtain the smooth 
hull characteristics. The turbulence was stimulated by 
@ one-half inch wide sanded strip placed on the stem and 
@ one inch wide sanded strip placed along the waterline 
on both sides extending aft twelve inches from the sten, 


Next, the wires were attached and runs were made with no 
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heat a@pplied; then with heet applied. Three or four runs 
were made with the seme towing force, both heated and un- 
heated, und the recorded speeds were averaged. 

The following observetions were made from these early 
runs; 

1) fhe expected point of inflection in the ourve of 
Gy versus Ke at a Keynold's number of about 7x10) indicat- 
ing the start of transition to laminar flow either did 
not occur or wes very slight if At did cccur. 

2) With the wires attached to the model, consistent 
results could not be obtained below a epeed of 1.2 knots, 
indicating that the varieble force introduced by the 
attachment of the leads was ean appreciable percentage 
of the towing force at lower speeds. 

The absence of transition was difficult to explain 
since the shape of the copper model wes the sane as the 
wooden model, and the metal model was considered to be 
smoother than the wooden model. One possible explanation 
was that the soldered joint connecting the bow to the 
perellel middle body offered a discontinuity to the flow 
and thus tripped the boundary layer into turbulent flow. 
To remove this contingency, melted solder was flowed on 
@ll portions of the hull in which there appeared to be 
irregularities. This solder was then scraped down until 


#1. 


the hull was as free from defects as possible, Afterwards, 


the entire outer hull was buffed end polished to @ mirror 


finish. 


Las 


The friction of the entire towing assembly is of 
the order of 0.004 pounds and is calibrated as a function 
of the model speed. As the speed decreases, the towing 
friction @s a percentage of the applied force on the 
weight pans increszses. For example, at 0.25 knots the 
friction of the towing assembly was around 40 percent of 
the applied force for our model. Further, the friction 
has only been calibrated down to a speed of 0.4 knots 
and the friction for speed lower than 0.4 knots must be 
obtained by extrapolation of the friction curve, In 
view of the fact that the results become less reliable 
with decreasing speed, it was advantegeous for our 
purposes to bring in cooler water so that a lower 
Reynold's number could be obtained for the same velocity 
of the model. By changing the water in the towing tank, 
the water temperature was reduced from 65 degrees F to 
58 degrees F, 

With these steps taken, & new curve of Cy versus 
Re was obtained, as is discussed in section IV. Suffice 
to say here that the transition became more apparent at 
a@ Keynold's number of 727x107. 

In order to obtain consistent results at lower speed 
with the wires attached, e slipering assembly was designed 
and built so that the power could be introduced into the 
model through carbon brushes. A drawing of the slipering 
assembly is shown in Figure X. With this device, the 
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Figure L 
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Figure I 
Mover During a Test Ron. 
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Figuee Iv 
Dewe Eno of Towing TANK. 
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Figuee YW 
Lwreewat View or Moover 
Sowing Arracumenr or Exrernan Power Leaps . 


Figuee WI 
Heareo Mope. Run Proceoure . 
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Figure VII shows the relationship between C, and Ke 
for the model when towed in aceordanse with the routine 
towing tank procedure at the indicated water temperstures, 
Pointa are included for the unheated model runs with the 
power leads attacned, 

Pigure ViIl shows the relationship between C, and V 
for the following conditions: 

ie Unheated model with sucoth hull at indicated 
water temperatures. 

2. Unheeted model with smooth hull and power leads 
attached. 

3. Heated model with smooth hull and power leads 
attached at various everage surface temperatures of the 
hull. The surface temperctures, & end VY for @ given 
point are as indlented in Table I. 

Table I gives the experimental results obtained at 
the various points where the effect of heeting was in- 
vestigated, Zp ie the calculated boundary layer tempera=- 
ture that would be recuired to produce the seme effect 
as thet which was experimentelly determined. It is come 
puted on the essumption that the flow past the hull is 
turbulent, and on the basis of Schoenherr's friction 
formulation. UJetails of this computation are given in 
the appendix. 

Pigure iX shows the relationship between power input 
per degree Fehrenheit temperature difference (between 
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IV. DISCUSSION OF HESUID OG 


The primary purpose of obteining the inforwation shown 
in Figure Vil for the smooth and sanded hull was to establish 
the keynolds nuuber at which transition from leminar to 
turbulent flow occurred, Once this region was firmly es- 
tablished, the model could be towed st higher seynolds 
numbers with the surfece heated, ond the effect of the 
Heating on transition noted, 

The region of transition was not apparent from the 
initio] tests with a water temperature of about 65°F, 

In general, past experience with models of similer form 
characteristics would Lead one to expect a pronouneed 
transition region showing distinctively laminer flow at 
the lower Keynolds number [16] . 

The curve of Gy for a water tempersture of about 58°F, as 
WAS expected, seperrted fren the curve obtained at about 
65°F. 4n the region where the residuery resistance becane 
noticenble, This is, of course, explained by the fact 
thet et the same Keynolds mnuwaber, the two runs at different 
temperctures have different Froude numbers, hence different 
residuary resistences,. 

This curve of C, for a water tempereture of ebout 58°F, 
shows & distinct inflection in the region of Aeynolds numbexs 
of 7x105 to 85x10, However at still lower Reynolds numbers 
the curve of C, rises above the Schoenherr friction curve 


‘- 


imetead of tending downward townrd the Blegiue ourve 
@e would be expected in the ease of leminesr flow. This 
eondition has not been satisfactorily explained. if 
one assumea thet below a “eynmolds murber of 9x10" the 
flow is essentially leminer, the high velues of G, 
could possibly be enused by & sharp increase in preseure 
dreg due to lasimar separstion et the converging section 
of the stern, Attempts to prevent seperation by sanding 
the stern section were unsuccessful, 

Another faetor that esasts soue deubt on the ecourncy 


of the results st lew seynolds numbers ie the possibility 


thet the friction calibration of the towlme equipwent 


at speeds below 0.5 knots any be in error by a considerable 


@ig2unt since it is obtuined by extrapolation of the 
meneured friction for speeds of 0.4 knots and above, At 
the lower spoeds, friction is an appreciable percentage 
of the applied force. 

In epite of the foregoing, there are indications 
thet the flow wes essentielly turbulent throughout the 
fanse of ueynoids musivers. These indications are the 
lack of @ definite trensition region and the feet that 
the curve of C, remuins im close proximity to the 


Schoenherr turbulent curve even at low lieynolds numbers, 


it 18 possible thet the apperent inflection in the curve 
of C, at heynolds numbers of 7x105 to 6.54109 1s due to 
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@ sharp inerease in residum'y reelatance due to wave 
formation. 

Further substantiation af the ebsexoe of laminar 
flew during the heated rump is found in Pigure TX. The 
heat transfer rate through « twbulent boundary layer 
has been found to be much greater for the sane temperature 
aifference and velocity than thet through a Lominer 
poundes‘y layer [10] . As shownin Pigure IX, our 
etlculated heat transfer rate to the weter (neglect ing 
the small amount of heat being trumeferred to the sir) 
is more than twice the rete thut we would expect if the 
boundary Isyer wes completely stabilized to laginer 
flow, 

The results of heeted runs ere plotted in Figure VIII. 
A small but significent ehange in G resuited when the 
model surface was hented. 

A more Bignificant indlertion of the effect of 
heating the surface of the motel is shawn in Table I 
where T, is compared to the averages surface temperature 
(Teg). Since ail but four of the runs show values of 
ZT, Which sre less than the average surface temperature, 
it G@ppears thet the change in C, caused by heating was 
due only to the viscosity change in the boundary layer 
and not to any delay in transition. For the four runs 
in which T), exeseded the average surface temperature, 
the average value of (7, - Tag) was 3.7 degrees F., while 
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the maximum value of (Ty, - Tag) was only 6.8 degrees F, 
Further, these four runs, in general, occurred at the 
higher speeds where the change of G, With velocity was 
much lavger end the evalwstion ef the change more subject 
to error. Since the determination of 7, depended on the 
accurate evaluation of the shange in Cp, the possible 
error in Z, increases with en increase in speed. This 
fact, coupled with the expectation thet a muon greater 
reduction in resistance would have occurred if the 
trensition to laminer flow hed been delayed, cssts 
doubt on the vmiidity of eoncluding om the basis of 
these four runs, that the nature of flow past the 
mocei wea changed in any way. 

fio definite conclusions can ve drawn as to whether 
or not any stabilization of flow took place through 
heating until a more eccurete deternination of the 
character of flow paat the model and the teaperature 
a@istribution in the sodei hull is accomplished. Sut 
tae weight of evidence from our liaited 4ate tends to 
eupport the conslusion that the change brought about 
by Keating was cauged only by the verietion in 
Viscosity. 

By way of sumaury, the identity of the type of 
Siow wround the tested model was not firmly established, 
The effect of heating that was observed by thie method 
of investigation is wost likely chargeable to tha 
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viscosity effect. The indicetions that the transition 
from laminar to turbulent flow wes delayed by heating 
were not strong enough to substantiate or disprove the 
effect under investigation. 

it is suggested thet this investigetion be continued 
by another method of experimentation, The applicable 
methods of experimentation include flow through pipes, 
circulating weter channels, propeller tunnels, and 
towing tanks that are equipped with a towing carriage. 
These methods would provide a larger range of Reynolds 
numbers than the range that was available for this 
initial investigation, This investigation was limited 
by large form drag at the higher Reynolds numbers and 
by power lead errors at the lower Reynolds numbers. 
It is felt that any of the above listed methods would 
lend themselves to providing power in large quantities 
to heat the surfaces without introducing errors in 
measured forces and speeds, It is also recommended 
that facilities for study of the character of flow be 
incorporated in any of the above types of investigation 
of this subject. 
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Ve CONCLUSIONS 


1, ‘The results obtained from heating the surface 
of the towed model are not sufficiently conclusive to 
substantiate or disprove the effect under investigation, 

2. The need for external power leads makes the 
use of a towing tank which does not include a towing 
carriage an unsatisfactory method for investigating 
the delay of boundary layer transition along a heated 


surface, 


Vie RECOMMENDATIONS 


1. The investigation should be continued by one 
of the following methods of experimentation: 
(a) Flow through pipes 
(b) Circulating water channels 
(c) Propeller tunnels 
(ad) Towing tanks that are equipped with 
ea towing carriage. 
2. Facilities for the study of the character of 


flow should be included in any future investigation. 
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HiAvisG ColL DESIGN 

she heating oo911 arrengeaent wee designed on the 
basis of the Yohinausen equation for laminsr flow past 
flet plates [11] which provided a relationship between 
Longitudinal position along the hull and theoretical 
heat transfer rate per unit srea. Thie enabled the 
determinstion of longitudinel spacing of the wires 
whioh would theoretically give # constent hull surface 
tempereture. 


Tne design of the heeting coll arrangement consisted 


of the following steps: 

le #2 0 AWG Nichrowe V wire (5-62, NieCr) was 
selected for hesting based on its ability to withstand 
large currents end high temperatures, 

2. Starting from the bow,and working aft, & 
current was selected for esech rum of wire such that the 
resultant specing of the heating wire would be neither 
too close and cause installation difficulties nor teo 
fer apert and exaggerete the heating discontinuity. 

3. With the ourrent selected, and assuming a 
voltage of 110 volts, the length of wire for each 
perticuler rum was ctloulxted. Also the theoretical 
heet output per inch of wire was determined, 
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RIGIDLY ATTACHED 
TO MODEL HERE _~ — 
SECTIONAL ELEVATION SECTION A-A 


LEGEND 
COMPOSITION QNSULATOR 
BAKELITE SPINDLE 
GRAPHITE BRUSHES 


BRASS BRUSH HOLDERS AND 
COPPER SLIP RINGS NOT 
CROSS-HATCHED. 


IRS CONNECTION FOR INTERNAL WIRING 
SCALE: Fete size 


SECTION BB’ 
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APPENULX B 
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_SUMMANY OF DATA AND CALCULATIONS 


Ty Calouletions 

1. For « given egplied foree the velocity of the 
heated end the unheated model were observed. By standard 
towing tank cslcul:tions the total resistance coefficients, 
paged upon the measured weter temperstaure, were computed, 

2. Tne respective residual resistance coefficients 
were reed off of the previously draw curve of residual 
resistance coefficient versus velocity curve. 

(Figure Xil). 

3. Waving computed the Keynolds number of the unh- 
heeted moael run, the frictiom#1 resistance coefficient 
was obtained from tebles of the Schoenherr Frictional 
Kesistence Coefficients versus HKeynolds Numbers. (13) 

4, Heslizsing thet the totel resistance coefficient 
changes as the inverse of water density, it wes assuned 
that the density rvemeined comstant over the renge in 
water temperstures between the heated end umheated runs. 
Therefore it was noted that the difference in total re- 
sistance coefficients thet were ealeouleted as indiceted 
above were equil to the sum of the differences of the 
residual resistence coefficients and the frictional re- 
sistence coefficients. 

5. Whe only unknosm in the reletionship stated in 


(%)was the frictionel resistance coefficient for the 


oe 
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heated model run. It is obtained from that reletionship. 

6 Entering the tables of the Schoenherr Frictional 
Kesistence Coefficients vergus Heynolds Numbers with the 
determingsd value of frictionsl resisatunce cowefficient 
for the heated model run, the corresponding \eynolde 
nuaper wes obtained, 

7. tnowing ali the terms im the deynolda numer 
6xcept the kinemetic visvosity of the water, allowed de- 
terminetion of that value. 

8. Entering the table of kinemitic viscosity versus 
water temperature (13] yielded the desired velue of 1%. 


1. The actual power imput ver degree of texnpersture 
aifference was obtained by taking the colculisted values 
of power ingut for each hested run ag listed in eolum 5 
oy Table I and divicing these values by the difference 
between the svernge surface teuperature ae opteained by 
thermocouple readings and the water temperature as observed 
by therszonseter. 

2. Substituting the properties of water at 
65.4°F in the Pohlheusen theoretical equation for laminar 
flow past flet plates [11] and combining the results 
with the wetted surface of 4.51 square feet, provided the 
theoreticel power input to the model per degrees of 
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teapersture difference et eny selected value of model 
velocity. 

3. The two relationships tt were omlouleted as 
indiceted above ere plotted for comparison in 
Picure IK. 
Lover input Calouletions 

1. With a Simpaon OHA meter the following resistances 
were obtained. 


Coil RHSLGEARCE 
4 6.30 
2 7075 
3 785 
by 8.60 
5 9.00 
6 750 
7 9.00 
8 121.16 
9 12 46 
2. The eoils were paralleled in the following groupings: 
L 2, 3, & 
ii 1, 75 9 
Lit %&, 5, 6 


3. The equivalent resietence of each of the paralleled 
Groups was onlculsted. 
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4%, For determination of the power input for 
*{" connection of the groups, the average meosured 
line current squared was multiplied by the sum of the 
group equivalent resistances, 

5. For determinetion of the power input for 
*Delta® connection of the groups, the average measured 
line current squared was divided by the square root of 
three and multiplied py the sum of the group equivalent 
resistances. 

6, The result of (4) and (5.) above were checked 
with calculetions using the measured line voltage and 
esleulated line drop. 
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